The genome of hepatitis B virus (HBV) provides a striking example of gene overlapping. In particular, the surface protein gene S is overlapped completely by the polymerase gene P. Evolutionary constraints in overlapping genes have been demonstrated for many viruses, with one of the two overlapping genes being subjected to positive selection (adaptive evolution), while the other one is subjected to purifying selection. Yet, for HBV to persist successfully, adaptive evolution of both the P and S genes is essential. We propose that HBV employs a mechanism that allows the independent adaptive evolution of both genes. We hypothesize that (i) the adaptive evolution of P occurs via p1/s3 non-synonymous substitutions, which are synonymous in S, (ii) the adaptive evolution of S occurs via p3/s2 non-synonymous substitutions, which are synonymous in P, and (iii) p2/s1 substitutions are rare. Analysis of 450 HBV sequences demonstrated that this mechanism is operational in HBV evolution both within and among genotypes. Positions were identified in both genes where adaptive evolution is operational. Whilst significant parts of the P and S genes were subjected to positive selection, with the K a /K s ratio for either the P or the S gene being .1, there were only a few regions where the K a /K s ratios in both genes were .1. This mechanism of independent evolution of the overlapping regions could also apply to other viruses, taking into account the increased frequency of amino acids with a high level of degeneracy in the proteins encoded by overlapping genes of viruses.
INTRODUCTION
Overlapping of genes is a strategy used widely by viruses to condense a maximal amount of information into short genomes (Barrell et al., 1976 ; reviewed by Gibbs & Keese, 1995) . The circular genome of hepatitis B virus (HBV) provides a striking example of gene overlapping, with 50 % of the genome consisting of overlapping reading frames (Fig. 1) . In particular, the HBV surface protein gene (S; 681 nt) is overlapped completely by the polymerase gene (P; 2532 nt).
Gene overlapping influences the independent evolution of the encoded proteins. Recently, evolution of overlapping versus non-overlapping regions of virus genomes has been compared for several viruses, including papillomaviruses (Hughes & Hughes, 2005; Narechania et al., 2005) , bacteriophages from the family Microviridae (Pavesi, 2006) , potato leafroll virus (Guyader & Ducray, 2002) , simian immunodeficiency virus (SIV) (Hughes et al., 2001) and HBV (Mizokami et al., 1997) . Mizokami et al. (1997) demonstrated decreased rates of synonymous nucleotide substitutions in overlapping versus non-overlapping regions of the HBV genome, providing evidence for evolutionary constraints associated with overlapping regions. This trend was also found in other viruses. Moreover, for SIV, potato leafroll virus, members of the family Microviridae and papillomaviruses, the overlapping regions were characterized by adaptive evolution (high rates of nonsynonymous substitutions, D n /D s ratios .1) of one reading frame, mirrored by negative selection (high rates of synonymous substitutions, D n /D s ratios ,1) operational in IP: 54.70.40.11
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However, for HBV to persist successfully and to overcome new challenges, adaptive evolution of both the overlapping P and S genes is essential. In particular, adaptive evolution of the P gene in response to antiviral therapy renders the virus resistant to antiviral drugs, and mutations in the S gene allow virus escape from neutralizing antibodies (Cooreman et al., 2001; Hannoun et al., 2000; Moskovitz et al., 2005) . In this study, we analysed the possibility that the HBV polymerase and surface proteins evolve independently, despite being encoded by the same nucleotide sequence.
We hypothesized that HBV may employ a mechanism that allows the independent adaptive evolution of both proteins encoded by the same sequence. In the overlapping, frameshifted polymerase/surface region of the HBV genome, the first nucleotide position in a P codon corresponds to the third position in the S codon (p1/s3), the second position in a P codon to the first position in the S codon (p2/s1) and the third position in a P codon to the second position in the S codon (p3/s2) (Fig. 2) . The position of a nucleotide substitution within a codon strongly influences the chance for the substitution to be synonymous or not. A nucleotide substitution in the first codon position causes an amino acid change in 60 of 64 cases, in the second position in 63 of 64 cases and in the third position in only 16 of 64 cases. Hence, nucleotide substitution in the first position of a P codon (p1/s3) is likely to cause amino acid changes in P, but not in S, whereas substitutions in the third position of a P codon (p3/s2) are probably synonymous in P, but nonsynonymous in S. Thus, an adaptive, non-synonymous nucleotide substitution in the first position of a P codon is likely to remain synonymous in S, whereas an adaptive, non-synonymous nucleotide substitution in the second position of an S codon is likely to remain synonymous in P.
On the other hand, nucleotide substitutions in the p2/s1 positions in most cases will be non-synonymous in both genes. We predicted that adaptive evolution of HBV occurs via p1/s3 mutations in the P gene and via p3/s2 mutations in the S gene, and that p2/s1 mutations are rare.
METHODS
To validate this hypothesis, we studied variation of nucleotides and amino acids in the overlapping P and S gene region (227 codons) of 450 internationally obtained HBV genomes. Sequences of human HBV were retrieved from GenBank, including the 11 HBV genotype standards as proposed by Bartholomeusz & Schaefer (2004) . The sequences were genotyped by using the HBV STAR program (Myers et al., 2006) . Genotypes and GenBank accession numbers of the 450 HBV sequences are reported in the Supplementary Material, available in JGV Online. The sequences were aligned by using the CLUSTAL_W software (Chenna et al., 2003) . The variation of 227 aa in the polymerase and surface protein and the variation in the three sets of nucleotide sites, comprising respectively the 227 p1/s3 sites, the 227 p2/s1 sites and the 227 p3/s2 sites, were studied by analysing the entropy values for every individual amino acid and nucleotide position, as implemented in the BioEdit software (Hall, 1999) . As a measure of the variation of amino acids at any given position, the entropy values theoretically vary from zero (no variation) to 3.04 (all amino acids and the stop codon occur in equal proportions). For the variation of nucleotides at a given position, the entropy values range from zero (no variation) to 1.39 (A, C, G and T occur at an equal frequency) (Hall, 1999) .
The overall mean synonymous (D s ) and non-synonymous (D n ) distances in the overlapping region of the P and S genes were calculated by using the MEGA 3 software (Kumar et al., 2004) . The Nei-Gojobori method with Jukes-Cantor correction was used; standard error was calculated by using bootstrap resampling with 1000 replications.
The CODEML module of PAML 3.15 (Yang, 1997; Yang et al., 2000) was applied for estimation of the rates of synonymous and nonsynonymous nucleotide substitutions at sites in the overlapping Fig. 1 . The HBV genome. The P, S, X and C genes encode the polymerase, surface, X-and core proteins, respectively. The YMDD motif is involved in resistance to lamivudine. Vaccineinduced antibodies and specific immunoglobulins neutralize the virus via the a-determinant of the surface protein. (Yang et al., 2000) ], 9-13 h to converge to an optimal likelihood estimate, given 400 HBV sequences of 226 codons each. For proper convergence, the presence of identical sequences (D n /D s 50/0) should be avoided. In addition, the use of an initial input tree with MLestimated branch lengths (copied from models 0, 1 or 7 into models 2 or 8) may prevent parameter trapping and hence a very slow convergence of model 2 and 8 values for ML to those of models 1 and 7. Likelihood-ratio tests (LRT) and Bayes Empirical Bayes (BEB) statistics (Anisimova et al., 2001 (Anisimova et al., , 2002 Yang et al., 2005) were applied as described in the PAML manual (http://abacus.gene.ucl.ac.uk/ software/paml.html).
Analysis of the rate of synonymous substitutions (the number of synonymous substitutions per synonymous site, K s ) and nonsynonymous substitutions (the number of non-synonymous substitutions per non-synonymous site, K a ), as well as their ratios (K a / K s ), in a sliding window was performed by using the SWAAP 1.0.2 software (http://www.bacteriamuseum.org/SWAAP/SwaapPage.htm). The Nei-Gojobori distance estimation method was used for a sliding window (window length, 15 nt; window step, 3 nt, which is the maximal resolution of the program). Due to the limited number of sequences that can be analysed simultaneously by the program, 99 sequences, selected randomly from the total of 450, were analysed each time. So, for the total of 450 sequences, four sets of 99 sequences and one set of 54 sequences were analysed and the data were pooled, together giving 1110 window comparisons.
RESULTS
Nucleotide variation at the 227 p1/s3, p2/s1 and p3/s2 positions of the overlapping P/S gene region for all 450 sequences is shown in Fig. 3(a) . As predicted by our hypothesis, variation at the p2/s1 nucleotide sites, which, with high probability, affects the amino acid sequences of both the polymerase and the surface protein, was the lowest. The cumulative entropy value for all p2/s1 positions was 10.5, compared with the cumulative entropy values of 26.7 and 24.3 for the p1/s3 and p3/s2 positions, respectively. A cluster of p2/s1 variation occurred at codons 110-140, which encode the immunodominant a-determinant of the surface protein.
As predicted, amino acid variation of the surface protein was largely determined by nucleotide substitutions at the p3/s2 sites, whereas amino acid variation of the polymerase was primarily caused by substitutions of the p1/s3 nucleotides. Some additional variation was imposed on both proteins by rare p2/s1 mutations. In some instances, p1/s3 nucleotide variation did not cause amino acid changes in the polymerase (Fig. 3a) . This was due to partial degeneration of the first nucleotide position, as four of 64 possible substitutions are synonymous: TTA-CTA and TTG-CTG coding for leucine, CGA-AGA and CGG-AGG coding for arginine. The only substitution at the second nucleotide position that is synonymous is in stop codons (TAA-TGA); hence, all p3/s2 nucleotide variation translates into amino acid changes of the surface protein.
To establish whether the difference in variation of the p1/s3 and p3/s2 versus p2/s1 positions is related to HBV diversification within or among genotypes and to confirm that our findings are not limited to certain HBV genotypes, we subsequently analysed nucleotide variation at the p1/s3, p2/s1 and p3/s2 positions among sequences belonging to each genotype and among unassigned sequences, as well as among genotype consensus sequences of genotypes A-H (Table 1 ). For every genotype from A to H, as well as for unassigned sequences, the cumulative entropy values for the p2/s1 positions were markedly lower that those for the p1/s3 and p3/s2 positions. For instance, for genotype B, which was represented by 120 sequences (118 plus two reference sequences), the cumulative entropy value for the p2/s1 positions was 2.3, compared with the values of 9.8 and 9.5 for the p1/s3 and p3/s2 positions, respectively. The same trend was observed for genotype E, which was represented by five sequences (four plus one reference sequence): 1.2, compared with 3.0 and 2.2. This pattern of markedly lower variation at the p2/s1 than at the p1/s3 and p3/s2 positions was also observed when genotype consensus sequences were compared with each other (Table 1) .
The overall mean D n and D s in the overlapping region of the P and S genes, calculated by using the MEGA program, were similar for both genes: for P, respectively 0.035±0.005 and 0.109±0.014 (D n /D s ratio of 0.32), and for S, respectively 0.041±0.005 and 0.092±0.015 (D n /D s ratio of 0.45). Hence, negative selection is generally dominating in the evolution of both genes. However, this does not preclude certain regions of both genes being subjected to positive selection. Our analysis of the K a /K s distribution throughout the P and S genes by using the sliding-window approach has identified these regions (Fig.  3b) . To analyse the relationships between the K a /K s ratios in overlapping sequences of P and S, all 450 sequences were separated randomly into five subsets and, for each subset, the K a /K s ratio was calculated by using the sliding-window approach for each 5 aa long P and corresponding (+1 nt) S peptide with a step of 1 aa. Subsequently, the data for 1110 comparisons of P and S peptides were plotted together (Fig. 4) . For the vast majority of window comparisons, the K a /K s ratios of both P and corresponding S peptides were ,1. Yet, of the total 1100 P and 1110 S peptide subsets analysed, the K a /K s ratios in 170 P and 222 S subsets were .1. However, a K a /K s ratio of .1 in a P peptide subset was associated with a strong decline of the K a /K s ratio in the corresponding S peptides, and vice versa. Among the 1110 subsets analysed, there were only 28 P and corresponding S subsets for both of which the K a /K s ratios were .1 (Fig. 4) .
To identify sites subjected to positive selection in the overlapping region of P and S, several models implemented in the PAML program were applied. The basic model 0, which assumes rate constancy among all sites and branches, generated mean posterior values for D n /D s ratios of 0.338 (P) and 0.430 (S) ( Having validated models 2 and 8 by means of the LRT, we used the BEB output of these models to identify the amino acid sites subjected to positive selection (Table 3) . Positively selected sites identified by models 2 and 8 were the same. Differences between the figures for statistical support were at the level of marginality. Positively selected sites mainly occurred in clusters along both P and S reading frames. Regions N40-P49 of S and S45-T46 in P illustrate this feature. Also, the a-determinant domain in S (K122-G130) was embedded in a region of impressively positive selection in P (P101-R145). Positive selection was also prominent at the S204-L213 region of S, C-terminally adjacent to the conserved YMDD motif in P. A complete overview of D n /D s values along both reading frames (Fig. 3c, model 8) showed an increase of D n /D s values from conservation (negative selection) towards neutrality specifically at clusters with an enhanced proportion of positively selected sites.
DISCUSSION
Gene overlapping is an answer to the pressure to minimize the length of the genome, as present in small-sized organisms and in RNA-encoded organisms employing errorprone RNA polymerases (Barrell et al., 1976 ; reviewed by Gibbs & Keese, 1995) . Alternatively, overlapping genes are thought to simplify the control of gene expression (Johnson & Chisholm, 2004) . Various factors are thought to have influenced the evolution of redundancy in the genetic code (Ardell & Sella, 2001) . Possibly, the skewed redundancy in the genetic code reflects that, in early organisms, overlapping, frame-shifted genes were common. Fig. 4 . Relationships between the K a /K s ratios in P and corresponding S peptides. The axes of the main figure are linear and cut off at the value of 10 for the purpose of presentation. As the K a /K s ratio for either P or the corresponding S peptide for a few comparisons was above 10, all 1110 data points are also plotted on the log scale (inset). The evolution of a genetic region containing overlapping, frame-shifted genes is subjected to extra constraints. A slower evolution rate of overlapping compared with nonoverlapping genome regions has been demonstrated for a number of viruses, including HBV (Mizokami et al., 1997) . The extra constraints in the evolution of overlapping compared with non-overlapping genetic regions are related to the fact that a neutral or beneficial substitution in one reading frame could be deleterious in the other reading frame. Therefore, synonymous substitutions and adaptive amino acid changes in one reading frame, which would be evolutionarily neutral or beneficial in non-overlapping genetic regions, will nevertheless be selected against, as they could be deleterious in the other reading frame. As a result, independent evolution of overlapping genes is restricted. The general trend demonstrated for the evolution of the overlapping regions is that one of the two overlapping genes is subjected to positive selection (adaptive evolution), whilst the other is subjected to purifying selection. In particular, this has been shown for papillomaviruses, in which the adaptive evolution of the E2 region and purifying selection in the overlapping E4 region have been demonstrated (Hughes & Hughes, 2005; Narechania et al., 2005) . The same phenomenon was demonstrated for the evolution of potato leafroll virus (Guyader & Ducray, 2002) . For members of the family Microviridae, in which the A and B as well as D and E genes are overlapping, in both overlapping regions, one gene was subjected to positive selection (K a /K s ratio .1, B and E genes), whilst in the other gene, purifying selection was operational (K a /K s ratio ,1, A and D genes) (Pavesi, 2006) . Similarly, in SIV, the tat gene was found to be the most variable among the nine virus genes at the amino acid level, whereas the overlapping vpr gene appeared to be one of the most conserved (Hughes et al., 2001) . Moreover, for SIV, the adaptive evolution of tat mirrored by purifying selection in vpr has been demonstrated in vivo in experimentally infected monkeys (Hughes et al., 2001 ).
Among viruses with overlapping genes, HBV provides a striking example, with 50 % of its genome containing overlapping reading frames (Fig. 1) . For many other viruses, the overlapping of reading frames is partial and adaptive evolution of both genes can occur in non-overlapping regions. In contrast, the HBV surface protein gene S is overlapped completely by the polymerase gene P. Whilst the independent adaptive evolution of both P and S genes was shown to be constrained (Mizokami et al., 1997) , it should not be precluded, as both genes must adapt to the versatile environment. We hypothesized that HBV may employ a mechanism that allows the independent adaptive evolution of both overlapping genes, by which the evolution of P occurs via p1/s3 non-synonymous substitutions, which are synonymous in S, and the evolution of S mainly occurs via p3/s2 non-synonymous substitutions, which are synonymous in P (Fig. 2) . To test this hypothesis, we analysed variation of nucleotides and amino acids among 450 internationally obtained HBV genomes in the overlapping P and S gene region.
We demonstrated that the evolution of the overlapping region of the P and S genes indeed occurs mainly via p3/s2 and p1/s3 substitutions, respectively, and that substitutions at the p2/s1 positions, which would affect amino acid of both proteins, are rare (Fig. 3a) . This mechanism was operational in HBV evolution both within and among genotypes ( Table 1 ). The D n /D s ratio of ,1 for the whole gene does not mean that adaptive evolution is not operational, as adaptive mutations could have accumulated in short regions of the gene, or even in a few nucleotide positions. By using PAML analysis, we identified positions of both the P and S genes where adaptive evolution is operational (Fig. 3c) . Sliding-window analysis demonstrated that, whilst significant parts of the P or S genes were subjected to positive selection, with the K a /K s ratio for either P or S gene being .1, there were only a few regions where the K a /K s ratios in both genes were .1 (Fig. 4) .
Whilst HBV is a rather unique example of overlapping reading frames, this mechanism of independent evolution of the overlapping regions could also apply to other viruses. This point is supported by the observation of an increased frequency of amino acid residues with a high level of degeneracy (arginine, leucine and serine) in the proteins encoded by overlapping genes of several viruses (Pavesi et al., 1997) .
